INTRODUCTION
Microarray fabrication by spotting presynthesized probes is both flexible and economical for small-to mediumsized arrays. While a number of different solid supports have been used for microarray fabrication (1) (2) (3) (4) , modified glass has been the most preferred substrate because of its low fluorescence, excellent flatness, low cost, superior optical characteristics, and the availability of robust and proven chemical modification methods. Many methods for covalent attachment of oligonucleotides to glass surfaces involve the generation of active functional groups on the surface that react covalently with a chemical modification of the probe DNA (5) (6) (7) (8) (9) (10) (11) (12) (13) . To reduce cost, nonmodified probes have been used, but for covalent attachment they require complicated epoxy-silane (5), amino-silane (6), or similar surfaces (12) . Kumar et al. (8) noted that unmodified glass had significantly lower autofluorescence than glass modified with a chemical layer for linking DNA to the surface. It would therefore be desirable to link DNA directly to unmodified glass, preferably by a one-step procedure. Both Kumar et al. (8) and Levina et al. (14) linked DNA to glass by adding a silane group or a polylysine group at the end of each DNA probe, respectively. Modifying each oligo with different chemical groups is, however, difficult as well as expensive. Dufva et al. (2) discovered that oligonucleotide probes could be immobilized onto an agarose film by UV linking and still function as a capture probe for microarray analysis. Subsequent studies showed that probes containing a poly(T)10-poly(C)10 tag (TC tag) significantly increased the hybridization signal of probes linked to agarose films when compared with that of untagged probes or probes tagged with poly(T)20 (T20 tag) (15) . Here we demonstrate a simple one-step method to link single-stranded DNA containing the TC tag to unmodified glass, achieving considerably higher hybridization signals when compared to those with a probe with either a poly(T)20 tag or no tag. The attachment of the probes is sufficiently strong to withstand thermal cycling conditions, allowing minisequencing (16) and presumably solidphase PCR (17) using intercalating dyes (18) .
MATERIALS AND METHODS

DNA Probes
Part of the model system developed by Dufva et al. (15) was used to characterize the performance of DNA probes that were UV-linked to the microarray substrates. A 60 bp target sequence derived from a wheat gene was synthesized, either unlabeled or containing a Cy3 fluorescent label at the 5′ end (W54-T-W:
Fourteen-base DNA probes with a sequence reverse-complementary to the target (underlined above) were synthesized with three different DNA tags. One probe had no tag (p14-W: CGCTCATCGACAAG), another had a poly(T)20 tag (T20-p14-W: TTTTTTTTTTTTTTTTTTTTCGCT-CATCGACAAG), and the third had a poly(T)10-poly(C)10 tag, and was synthesized both as a perfect match (W) and with a one-base mismatch (M) (TC-p14-W/TC-p14-M: T T T T T T T T T T C C C C C C C C C C CGCTCAT( CGCTCAT(C/T) C/T)GACAAG). GACAAG). All DNA sequences were synthesized by TAG Copenhagen A/S (Copenhagen, Denmark) using standard phosphoramidite chemistry techniques and purified by desalting.
Preparation of Microarrays
The DNA probes were diluted in 150 mM phosphate buffer (pH 8.3) to a final concentration of 50 μM (if not stated otherwise) and then spotted onto GAPS II amino-silane-coated glass slides (Corning Life Science, Corning, NY, USA), unmodified Superfrost microscope slides (Menzel Gläser, Braunschweig, Germany), and ground-edge microscope slides (Knittel Gläser, Braunschweig, Germany). The glass slides were used without any pretreatment with the exception 
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of a brief rinse with ethanol followed by MilliQ (Millipore, Copenhagen, Denmark) water to remove dust. Arrays were fabricated using a split pin (SMB3, TeleChem, Sunnyvale, CA, USA) controlled by a Q-Array robot (Genetix, New Milton, Hampshire, UK) or by using a noncontact inkjet Nano-plotter 2.1 (GeSim, Dresden, Germany). The spots were allowed to dry and then the DNA probes were immobilized by UV irradiation at 254 nm for 10 min (0.3 J/cm 2 ) using a Stratalinker 2400 (Stratagene, La Jolla, CA, USA) at ambient conditions. The slides were washed for 10 min in 0.1× standard saline citrate (SSC; Promega, Madison, WI, USA) supplemented with 0.5% (w/v) sodium dodecyl sulfate (SDS; Promega), and subsequently rinsed in distilled water and dried using a gentle flow of N 2 gas.
Hybridization Conditions
Fluorescently labeled (Cy3) synthetic DNA target was diluted in 1× PerfectHyb Plus (Sigma Aldrich, Steinheim, Germany) hybridization solution to a concentration of 10 nM DNA target (unless stated otherwise). The microarrays were hybridized with the target under a coverslip (Menzel Gläser) for 1 h in a humid chamber placed in an oven (Hybaid Shake 'n' Stack Hybridization oven; Thermo Electron Corporation, San Diego, CA, USA) at 37°C. Thereafter, the coverslips were removed and the microarrays were washed at room temperature for 10 min in 0.1 × SCC with 0.1% SDS, then rinsed with MilliQ water and dried as described in the Preparation of Microarray section.
Minisequencing with Immobilized Primers
Minisequencing reactions were performed with immobilized primers (see scheme in Supplementary Figure  S1 in Supplementary Material, available online at www.BioTechniques.com). An 18 μl minisequencing reaction mix contains 1 μM of the unlabeled target sequence, 25% (v/v) self-seal reagent (Bio-Rad Laboratories, Hercules, CA, USA), 0.1 μM of Cy3-ddCTP and Cy5-ddUTP (Perkin Elmer Life Science, Walthan, MA, USA), 0.02% Triton X100, 0.1 U/μl KlenThermase (Gene Craft, Lüdinghausen, Germany), 1× KlenThermase buffer (Gene Craft), and 6.5 mM MgCl 2 . The Superfrost glass slides were spotted as described in the Preparation of Microarray section, and after washing they were incubated with 4 ng/μl BSA solution for 30 min and rinsed with water. The minisequencing reaction mix was pipeted onto the oligonucleotide microarray, and a glass coverslip (22 × 22 mm) was mounted to seal the reaction. Glass slides were placed into a twin tower PTC 200 slide thermocycler (Bio-Rad), and cycling was carried out according to the following program: 80°C for 10 min, 95°C for 3 min, followed by 55 cycles at 95°C for 30 s and 55°C for 1 min. After thermocycling the slides were washed as described in the Preparation of Microarray section.
Quantification of Spots
The microarrays were scanned in a ScanArray Lite (Packard Bioscience, Billerica, MA, USA), with appropriate laser power and PMT settings to avoid saturation of the signals. Scanalyze (version 2.5; http://rana.lbl. gov/EisenSoftware.htm) was used to quantify the spots by calculating the average pixel intensity inside the defined spots from the 16-bit gray-scale images generated by the ScanArray software (version 3.1) (Packard Bioscience).
Thermal Stability
Oligonucleotide probes immobilized onto the Superfrost glass slides or the Corning GAPS II slides were hybridized with the labeled synthetic target, washed, and scanned as described above. Subsequently the slides were subjected to boiling for 20 min in a MilliQ water bath. After boiling, the slides were scanned, then hybridized, washed, and scanned again as described in the Hybridization Conditions section 
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and evaluated by comparing the signal over background difference for the first and second hybridization.
RESULTS AND DISCUSSION
Effect of Probe Modification on the Hybridization Signal
In the current investigation, we tested the possibility of immobilizing unmodified oligonucleotide probes with either no tag, a TC tag, or a T20 tag directly onto unmodified Superfrost microscope slides using UV irradiation. The UV treatment is an essential part of the immobilization because performing the same procedure without the UV irradiation step resulted in no visible hybridization signals regardless of the probe or slide type (data not shown). The results obtained on plain glass were compared to results obtained using amino-silane-coated glass slides. There was a pronounced difference in the response of the two slide types with regards to different probe tags ( Figure  1A and Supplementary Figure S2) . The TC-tagged probes on Superfrost glass slides gave two orders of magnitude higher signal intensity than that for the unmodified probes, and a signal-to-noise ratio comparable or higher than that for the Corning GAPS II amino-silane-coated slides ( Figure 1A) . The dependency on the TC tag for probe immobilization was highest for plain glass probably because the amino-silane surface of the GAPS II slides provides free amine groups for ionic attachment of the negatively charged phosphate groups of the DNA backbone ( Figure 1A ). Even if a significant signal was obtained from untagged probes immobilized on GAPS II slides, the TC tag increased the signal about 10-fold and the T20 tag about 5-fold, most likely through contribution of thymine-amino photoreaction. This result is consistent with the findings of Saiki et al. (19) , where light-activated thymine bases bound more effectively to nylon than cytosine bases, although the efficiency of binding to the surface did not correlate with higher hybridization efficiency. This could suggest a spacer effect of the C sequence between the probe and T tail, improving the hybridization efficiency when compared with that of only Ts. The chemical mechanism for binding DNA to unmodified glass is unknown, but it is highly dependent on the combination of both T and C in the tag. In this case it is doubtful that the C sequence acts as a spacer, as the hybridization efficiency is unaffected whether the TC tag is positioned at the 3′ or the 5′ end of the probe sequence (TC-probe or probe-TC) (data not shown). This indicates that the Cs are contributing actively to the surface attachment through an unknown mechanism. These findings are consistent with what has been reported earlier using agarose slides (15) , with similar results whether the position of the TC tag was at the 3′ or 5 ′ or 5 ′ ′ end. It is known that the TT and TC sites are much more photoreactive than CT and CC (20) sites, and produce a number of different photoproducts. Furthermore, TC sites produce a higher yield of certain photoproducts when exposed to 254 nm UV light (21) than TT sites, suggesting that the type of product is important in these surface interactions. There are a number of publications concerning the photoreactivity of DNA (22) and how that relates to mutagenesis; however, little is known about the specific interactions between DNA photoproducts with different surfaces.
To evaluate the influence of probe concentration on the signal intensity, the TC-p14-W and the TC-p14-M probes were spotted in concentrations ranging from 1 to 50 μM on two types of unmod-μM on two types of unmod-μ ified glass microscope slides, Superfrost and ground-edge slides (Supplementary Figure S3) . The fluorescence intensity almost reached saturation at 10 μM probe μM probe μ and only slightly increased with concentrations between 10 and 50 μM ( Figure  1B ). Both glass types demonstrated comparable fluorescent intensity and efficient match/mismatch discrimination. The observed allele-specific hybridization suggests that UV irradiation maintains the integrity of the probe sequences sufficiently well to function in SNP detection. Furthermore, two other independent reports demonstrated specific hybridization reaction of probes immobilized to agarose film (15) and carbodiimide-coated glass slides (7), respectively, irrespective of UV dose up to 0.6 J/cm 2 of UV dose up to 0.6 J/cm 2 of UV dose up to 0.6 J/cm . The disadvantage of using unmodified glass slides as microarray substrates is the hydrophilic nature of glass, which has a water contact angle of around 20°. This generates large spots when compared to those on the aminosilane surface on the Corning GAPS II, which has a water contact angle of around 50°. The difference between the two substrates is considerable. When using a conventional pin spotter the spots on Superfrost glass slides had an average size of 290 ± 40 ± 40 ± μm diameter in comparison to 130 ± 20 ± 20 ± μm for the Corning GAPS II slides. However, inkjet spotting on Superfrost slides resulted in spot sizes of 50 ± 5 ± 5 ± μm to 200 ± 10 ± 10 ± μm. The spot size will depend on the nozzle size, as higher volume control is determined by the nozzle size. This demonstrates that the immobilization technique described here can also be used for fabrication of medium-to high-density arrays.
Comparison of Sensitivity and Detection Limit of the Substrates
To quantify the target to probe hybridization sensitivity, both Superfrost glass and Corning GAPS II arrays were manufactured with a fixed amount of the three different probes. These arrays were hybridized with increasing concentration (0.01 to 100 nM) of a Cy3-labeled 60mer oligonucleotide complementary to the probes. As shown in Figure 2 , the fluorescent signal-to-noise ratio reached a plateau at a concentration of 10 nM target DNA for both substrates. However, the logarithmic expression of signal-to-noise ratio as compared to target concentration illustrates a clear advantage of the TC-tagged probes over both the untagged and T20-tagged probes at target concentrations <1 nM. The inclusion of the TC tags improves the detection limit 50-to 100-fold when compared to the T20-tagged or the untagged probes immobilized on the Corning GAPS II slides. The detection limit on the Superfrost glass slides was about 500-fold lower when using the TC-tagged probes compared to the limit when using the T20-tagged probes. Hybrids of TC-tagged probes had a signal-to-noise ratio of ≥3 at concentrations of 0.01 nM (Superfrost) and 0.05 nM (Corning GAPS II) of DNA target. These results demonstrate that microarrays fabricated on unmodified glass using the TC-tagged probes have a detection limit that is at least as good as S uperfros t T C -p14-W S uperfros t T C -p14-M B the arrays on commercial amino-silanemodified glass slides. The detection limits found in this study are in good accordance with those obtained on a number of commercial slides functionalized with amino modified probes (0.01 nM) (9) .
Thermal Stability
The thermal stability of the immobilized probes was evaluated by measuring the hybridization capacity of the spots before and after boiling the probes for 20 min. As shown in Figure 3A , TC-tagged probes immobilized to Superfrost glass glass had a high initial signal strength and retained close to 100% signal after boiling (percent remaining specified in parentheses). The T20-tagged probes apparently did not link the probes irreversibly to the glass slide surface, as there was considerable signal loss after boiling and rehybridization. The unmodified probes did not give sufficient signal to be similarly evaluated for the Superfrost slides. On the GAPS II slides, all the differently tagged probes performed similarly, with about 30%-40% signal remaining after boiling and rehybridization. A reason for the significant loss of probe function after boiling could be due to the delamination of the surface coating when placed in boiling water. This was observed by Fedurco et al. (23) , who reported a 60% loss of immobilized probes from thermal cycling conditions when using silanized glass slides. Their results suggest that the release of attached DNA may take place at the silane glass surface level, as supported by previously reported data (23, 24) . The high thermal stability of the TC-tagged DNA probes immobilized on plain glass suggests a covalent bond between the glass surface and the DNA probes after the UV treatment.
Minisequencing Reaction
The minisequencing was performed on a microarray format by multiple oligonucleotide primers immobilized on a Superfrost glass surface. Minisequencing reaction performed on the unmodified Superfrost glass slides gave signal intensities ( Figure 3B ) similar to direct the hybridization (Figure 1B) , while no extension signal was observed with the Cy5-ddUTP control (data not shown).
Higher background was noted, probably derived from unspecifically bound fluorescent ddCTP, resulting in 18-fold lower signal-to-noise ratio. However this did not hamper genotyping significantly; the discrimination ratio was 6.3 ± 0.9, which is comparable to the allele ± 0.9, which is comparable to the allele ± discrimination demonstrated by Lindroos et al. (16) when using unmodified glass slides and silanized nucleic acids (8) . The microarrays produced on plain glass using TC-tagged probes could therefore potentially be used for applications such as solid-phase PCR, primer extension and minisequencing (16, 17, 23, 24) .
Economic Perspectives
It is clear that plain glass could be used directly as a microarray substrate when combined with immobilization of TC-tagged probes by UV linking. A notable advantage of this immobilization strategy is, of course, the price difference: Superfrost slides cost U.S.$0.05/slide, or about 0.3% of a Corning slide ($16.80/ slide). The TC tags cost about $20 more per 0.04 μmol synthesis scale when compared to the cost of untagged probes, but this is still a 40%-70% cost reduction when compared to the cost of commonly used amino group modifications of the probes. A further advantage of TC tags for immobilization is that the TC tag provides a convenient possibility for checking array integrity by using fluorescent hybridization controls as described elsewhere (15) .
